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Introduction
Transition metal ions are ubiquitous in biology. The bioavailability and distribution of these essential nutrients are key factors in the host/pathogen interaction that contribute to whether the establishment and progression of microbial infection occurs. [1] [2] [3] [4] Colonizing pathogenic microorganisms employ a variety of strategies to acquire metal ions in the vertebrate host, which include the biosynthesis and utilization of siderophores, 5, 6 and the expression of highaffinity metal-ion transporters. [7] [8] [9] Although less celebrated than iron in the context of pathogenesis, manganese and zinc are essential nutrients, and the competition between host and pathogen for these two metal ions influences the pathophysiology of disease. 10 Of particular relevance to the work described herein is manganese, which is a co-factor for prokaryotic metalloenzymes that contribute to signal transduction (e.g. phosphatases), 11 DNA biosynthesis (e.g. class Ib ribonucleotide reductase), 12 metabolism (e.g. adenylyl cyclase, 3-phosphoglycerate mutase), 13 and the oxidative stress response (e.g. manganesecontaining superoxide dismutase and manganese catalase). 14, 15 Indeed, manganese acquisition and utilization are often associated with microbial virulence. 7, 11, [16] [17] [18] [19] [20] [21] [22] [23] In Salmonella enterica serovar Typhimurium, the genes mntH and sitABCD encode Mn (II) transporters that are necessary for replication in macrophages and virulence in mice. 19 Streptococcus pneumoniae expresses PsaA, which is a manganese and zinc transporter important for colonization. [24] [25] [26] Neisseria gonorrhoeae accumulates intracellular Mn(II), and this phenomenon is associated with increased resistance to oxidative killing by neutrophils. 27 Borrelia burgdorferi, the causative agent of Lyme disease, has no metabolic iron requirement 28 and its manganese transporter BmtA is required for the establishment of an infectious lifestyle in ticks and for virulence in mammals. 29 One general mechanism of the mammalian innate immune response, which serves to inhibit colonization by microbial invaders on a short timescale, involves metal-ion withholding at sites of infection. 1,10,30 Calprotectin (CP) was recently identified as a manganese scavenger in the context of Staphylococcus aureus infection. 31 CP is reported to reach low-millimolar concentrations in the cytoplasm of neutrophils, 32 a type of white blood cell that is recruited to sites of infection to combat invading microbes by releasing a mixture of antimicrobial peptides/proteins (e.g. defensins, lactoferrin, siderocalin, CP) and deleterious reactive oxygen species. 33 The antibacterial and -fungal properties of CP have been recognized for decades and were first attributed to its ability to sequester zinc, [34] [35] [36] [37] [38] [39] which is an essential nutrient for all organisms. 40 Recent studies of S. aureus infection in a murine tissue abscess model revealed a calprotectin-dependent depletion of manganese at sites of infection. 31 Further in vitro investigations demonstrated that recombinant human CP exhibited antimicrobial activity against S. aureus Newman, and provided protection against Mn(II) toxicity for mutant S. aureus strains lacking the manganese transport regulator MntR (ΔmntR). 31 Moreover, human CP exhibited enhanced antimicrobial activity against S. aureus strains deficient in the manganese-uptake proteins MntAB (ΔmntAΔmntB). CP exposure was associated with reduced manganese superoxide dismutase activity, which enhanced the susceptibility of S. aureus to oxidative stress. 41 Taken together, these in vitro studies demonstrate that CP interferes with Mn(II) uptake by S. aureus and establish a previously unappreciated role for CP in manganese homeostasis and the host response to infection. Elucidating the manganese-binding properties of CP is therefore necessary to further decipher its biological mechanisms and contributions to transition metal homeostasis.
Human calprotectin is a heterodimer (αβ) or -tetramer (α 2 β 2 ) of the S100 proteins S100A8 (10.8 kDa, α subunit) and S100A9 (13.1 kDa, β subunit) (Figure 1 ). [42] [43] [44] S100 proteins comprise a family of EF-hand domain calcium-binding proteins, and each S100 exhibits two EF-hands. 45, 46 The C-terminal EF-hands of S100A8/S100A9 are similar to those of calmodulin and provide seven-coordinate, "canonical" Ca(II)-binding sites. In contrast, the N-terminal EF-hands provide five-coordinate, "non-canonical" Ca(II)-binding motifs. Crystallographic characterization of the calcium-bound CP α 2 β 2 heterotetramer (human form) revealed two transition metal-binding sites at the S100A8/S100A9 interface ( Figure  1A ). 47 A His 3 Asp motif (site 1) is formed by A8(H83), A8(H87), A9(H20), and A9(D30), and an unusual His 4 motif (site 2) is formed by A8(H17), A8(H27), A9(H91), and A9(H95) ( Figure 1A ). S100A9 contains an extended C-terminal tail with a number of potential metalchelating residues ( Figure 1B ). Prior investigations addressing the Zn(II) coordination chemistry of CP demonstrated that both the His 3 Asp and His 4 sites bind Zn(II) and exhibit Ca(II)-dependent Zn(II) affinity. 48 Calcium coordination to the EF-hand domains enhances the Zn(II) affinity of CP such that both sites coordinate Zn(II) with dissociation constants (K d ) in the sub-nanomolar range.
To the best of our knowledge, CP is the only S100 protein with reported Mn(II)-chelating ability, and little is known about this facet of its coordination chemistry. 31, 41 Whether Mn(II) and Zn(II) share the same coordination sites and calcium-dependence, and whether CP selects for one transition metal ion over the other, is unclear. A recent ITC study supported formation of a high-affinity Mn(II):CP complex. 41 In this work, we report extensive spectroscopic and thermodynamic investigations designed to rigorously decipher the Mn(II)-binding properties of human CP and correlate the results to the physiological context. These studies employ an extensive CP mutant family and unambiguously demonstrate that CP employs its unusual His 4 motif and two as-yet unidentified ligands to sequester Mn(II) in a calcium-dependent manner. The specificity of Mn(II) for the His 4 sites provides CP with the propensity to form mixed Ca(II)/Mn(II)/Zn(II) complexes where the EF-hand domains, the His 4 site, and the His 3 Asp site coordinate Ca(II), Mn(II) and Zn(II), respectively.
Experimental Section

Materials and General Methods
Experimental details for the preparation of buffers for metal-binding studies, including necessary precautions to avoid metal contaminations, are reported elsewhere. 48 All aqueous solutions were prepared with Milli-Q water (18.2 MΩ, 0.22 μm filter). For metal-binding experiments, HEPES buffer was prepared by using metal-free Ultrol grade HEPES (free acid, Calbiochem) and TraceSELECT NaCl (Sigma), and metal-free aqueous NaOH (Sigma) was used for pH adjustments. To reduce metal-ion contamination, the buffers were treated with Chelex 100 resin (BioRad; 10 g/1 L) for at least one hour prior to use. The Chelex-treated buffers were filtered through a 0.22 μm filter or centrifuged to remove the Chelex resin, and stored in polypropylene containers. All metal-binding studies were conducted at pH 7.5 in 75 mM HEPES, 100 mM NaCl buffer unless specified otherwise. A Tris buffer (1 mM Tris, pH 7.5) prepared from Tris base (J.T. Baker) was used for circular dichroism spectroscopy. Calcium chloride and 99.999% anhydrous zinc chloride were purchased from Sigma Aldrich, and 99.999% manganese chloride was obtained from Alfa Aesar. Stock solutions of Ca(II) (1 M), Mn(II) (1 M), and Zn(II) (100 mM) were prepared by using Milli-Q water and acid-washed volumetric glassware, and the solutions were immediately transferred to and stored in polypropylene containers. Each working M(II) solution was made fresh daily by diluting the appropriate stock solution to the desired working concentration with either Milli-Q water or buffer (75 mM HEPES, 100 mM NaCl, pH 7.5). Zinpyr-1 (ZP1) was purchased from Strem Chemical Co., and the purity was verified by analytical HPLC analysis, or synthesized from 2′,7′-dichlorofluorescein and di-(2-picolyl)amine as described elsewhere. 49 Stock solutions of ZP1 (~2 mM) were prepared in anhydrous DMSO, partitioned into 50-μL aliquots, and stored at −20 °C. Each aliquot was freeze-thawed only once, and the working ZP1 concentration was verified by using the reported extinction coefficient of apo ZP1 (ε 515 = 79,500 M −1 cm −1 ). 49 
Preparation of CP and Mutant CP
Recombinant human CP and mutant proteins were overexpressed, purified, and characterized as reported elsewhere. 48 The metal-binding studies presented in this work were conducted by using CP-Ser and mutants thereof. CP-Ser is comprised of the subunits S100A8(C42S) and S100A9(C3S). These Cys-to-Ser mutants were employed to avoid the need for reducing agents in the metal-binding studies. The mutated cysteine residues are not essential for the antibacterial activity of CP. 48 CP-Ser, ΔHis 3 Asp, ΔHis 4 , ΔΔ, and H27D were prepared multiple times for this work, and experiments conducted with independent batches of protein provided comparable results. The H17A, H27A, H91A, H95A and (H27A)(H91A) mutants were each prepared and purified once. Wild-type CP, which was only employed in analytical size exclusion chromatography, was also prepared once. Following purification, each protein was dialyzed against Chelex resin (10 g/L) for at least 12 h at 4 °C prior to storage. The Chelex-treated protein was stored in aliquots at −80 °C in pH 8.0 buffer (20 mM HEPES, 100 mM NaCl), and each aliquot was freeze-thawed only once. The purification protocol provided wild-type CP and all mutants in the heterodimeric (αβ) form. Protein concentrations were routinely determined by using calculated extinction coefficients (ε 280 = 18,450 M −1 cm −1 for the CP heterodimer), which are listed in Table S1 (Supporting Information). A BioTek Synergy HT plate reader outfitted with a calibrated Take3 micro-volume plate, or an Agilent 8453 diode array spectrophotometer, was routinely employed to determine protein concentrations. With the exception of CP-Ser(H27D), the site-directed mutagenesis for the mutant proteins utilized in this work was described previously. 48 The details for the site-directed mutagenesis and purification CP-Ser(H27D) are provided as Supporting Information, and biochemical characterization of this mutant is summarized in Figure S1 . Table S2 summarizes the mutant proteins and protein nomenclature.
Analytical Size Exclusion Chromatography
CP-Ser and the metal-binding site mutants were buffer exchanged into Chelex-treated 75 mM HEPES, 100 mM NaCl buffer adjusted to pH 7.5. The buffer for wild-type CP contained 1 mM β-mercaptoethanol to prevent disulfide formation. The protein samples were adjusted to a concentration of 200 μM and ten equivalents of Mn(II) (14 μL from a 100 mM Mn(II) stock solution added to a final volume of 700 μL) were added. The samples were incubated on ice for 0, 2, or 8-18 h. At each timepoint, a 200-μL aliquot was loaded onto a Superdex 75 10/300 GL (GE Lifesciences) size-exclusion column via a 500-μL sample loop connected to an ÄKTA Purifier FPLC system (GE Lifesciences). The column was pre-equilibrated with 1.5 column volumes of running buffer (Chelex-treated 75 mM HEPES, 100 mM NaCl, pH 7.5), and the sample loop was emptied with 0.5 mL of running buffer. The sample was subsequently eluted over one column volume at a flow rate of 0.5 mL/min at room temperature. The protein-containing fractions, identified by monitoring absorption at 280 nm, were collected and the protein concentration of each fraction was quantified by using the molar extinction coefficient at 280 nm.
Manganese Quantification by Atomic Absorption Spectroscopy
The manganese content of the protein-containing fractions obtained from analytical size exclusion chromatography (SEC) was determined by atomic absorption spectroscopy. A Perkin-Elmer AAnalyst 600 atomic absorption spectrometer was employed for all measurements. The protein-containing fractions were diluted 1:200 by using Milli-Q water. A Mn(II) standard curve (0-5 μg/L) was obtained by using solutions of Mn(II) (1000 μg/ mL MnCl 2 atomic absorption standard, J. T. Baker) dissolved in 5% nitric acid and diluted into Milli-Q water. The averages obtained from three independent samples are reported and the errors are the standard deviation from the mean.
Optical Absorption and Fluorescence Spectroscopy
Optical absorption spectra were recorded on either a Beckman Coulter (DU800) scanning or an Agilent 8453 diode array UV-visible spectrophotometer thermostated at 25 °C. Fluorescence spectra were collected on a Photon Technologies International QuantaMaster 40 fluorimeter outfitted with a continuous xeon source for excitation, autocalibrated QuadraScopicTM monochromators, a multi-mode PMT detector, and a circulating water bath maintained at 25 °C. The spectrofluorimeter was controlled by the FelixGX software package. Quartz cuvettes (Starna) with a 1-cm pathlength were employed for all optical absorption and fluorescence measurements. To prevent metal-ion contamination, the cuvettes were washed with 20% nitric acid and thoroughly rinsed with Chelex-treated Milli-Q water prior to use. The cuvettes were stored in 20% nitric acid.
Circular Dichroism Spectroscopy
Protein solutions (10 μM, 300 μL) were prepared at pH 7.5 in 1.0 mM Tris-HCl buffer that was treated with Chelex to remove trace metals. The pH was readjusted to 7.5 by addition of hydrochloric acid after the Chelex treatment. For Mn(II)-binding experiments, the CD spectrum of the apo protein was recorded. Subsequently, Mn(II) was added to final concentration of 100 μM, the sample was mixed gently, and the CD spectrum was recorded approximately two minutes after the Mn(II) addition. This experiment was also conducted in the presence of 2 mM Ca(II). The CD spectra were collected from 260-195 nm at 1 nm intervals (3 sec averaging time, three independent scans per wavelength). The data obtained from the three scans were averaged by using Excel and plotted in Kaleidagraph. For thermal denaturation experiments with mutant proteins, a sample of 10 μM ΔHis 3 Asp (αβ) or ΔHis 4 (αβ) was prepared at pH 8.5 in 1 mM Tris buffer containing 0.5 mM EDTA, and the temperature was varied from 25 to 95 °C in 2 °C increments. Samples containing Ca(II) were prepared in the same manner except that Ca(II) was added to a final concentration of 2 mM. These conditions were selected based on prior literature studies that reported the CD spectra of wild-type CP in the absence and presence of Ca(II) under such buffer conditions. 42 For thermal denaturation of CP-Ser in the presence of Mn(II), 10 μM CP-Ser was prepared at pH 7.5 in Chelex-treated 1 mM Tris buffer and incubated with 10 equivalents of Mn(II) in the absence and presence of 2 mM Ca(II). For all thermal denaturation experiments, the CD signal at 222 nm was recorded at each temperature after a one-minute equilibration time. A 1-mm path-length quartz CD cell (Hellma) was employed for all CD measurements.
General Methods for Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) spectra (X-band, 9 GHz) were recorded on a Bruker EMX spectrometer outfitted with an ER 4199HS cavity. A flat quartz cell positioned in an E-field null plane within the cavity was used for all room-temperature measurements. An ESR900 cryostat was used for all low-temperature measurements, and the temperature was monitored with either a Cernox sensor or a thermocouple. A copper-EDTA spin standard was used to account for all relevant intensity factors. All spectral analysis and simulations were performed with the Windows software package, SpinCount, developed by Professor Michael P. Hendrich at Carnegie Mellon University. The simulations of the bound-Mn(II) were determined using the standard spin Hamiltonian described by Equation 1 with secondorder perturbation theory.
(Eq. 1) D and E are the zero-field splitting (zfs) parameters, g is the g-tensor, and all other parameters have their standard meanings. SpinCount treats the nuclear hyperfine interactions (A) with second-order perturbation theory.
Room-temperature EPR Spectroscopy
In a typical room-temperature EPR titration, a 300-μL sample of CP (approximately 25 or 150 μM for titrations in the presence and absence of Ca(II), respectively) was prepared at pH 7.5 (75 mM HEPES, 100 mM NaCl) and titrated with a freshly-prepared Mn(II) solution prepared in the buffer. The sample was incubated for at least ten minutes at room temperature after each Mn(II) addition and placed in a flat quartz cell (Bruker BioSpin). The EPR spectrum was recorded using the following conditions: microwaves, 9.83 GHz, 20 mW; modulation, 1.0 mT. The concentration of free Mn(II) in each sample was determined by scaling the inner four lines of the EPR spectrum to those of a standard Mn(II) solution prepared from an atomic absorption standard (J.T. Baker) diluted in the buffer and recorded under identical conditions. The Mn(II) standard was also used to verify the concentration of the Mn(II) stock solution employed for the metal-binding titration. Room temperature titrations for the heterodimeric single point mutants H17A, H27A, H27D, H91A, H95A, the double point mutant (H27A)(H91A), and CP-Ser ΔΔ in the absence and presence of Ca(II) were each performed twice. Titrations of CP-Ser (αβ), CP-Ser ΔHis 3 Asp (αβ), and CP-Ser ΔHis 4 (αβ) were conducted at least in triplicate. Titrations of CP-Ser in the presence of Ca(II) were performed in duplicate. The Mn(II) dissociation constant values obtained from room-temperature EPR titrations of CP-Ser were obtained from global fits of the data obtained from the multiple titrations. The equations employed to fit the binding curves are provided as Supporting Information.
Low-temperature EPR Spectroscopy
Low-temperature EPR samples were housed in 4 mm (OD) quartz EPR tubes and frozen in liquid nitrogen prior to analysis. Low-temperature EPR titrations were performed with 200-μL samples of CP at the indicated concentrations. Aliquots of aqueous Mn(II) were added directly into the EPR tube containing a solution of the protein by using a 100-μL Hamilton syringe. The sample was then mixed with a second 250-μL Hamilton syringe and incubated for a minimum of ten minutes at room temperature before being frozen in liquid nitrogen. The EPR spectra of CP samples containing Mn(II) were unperturbed by repeated freezethaw cycling. Low-temperature spectra of Mn(II):CP mixtures in the presence or absence of 2 mM Ca(II) or 600 mM NaCl were also recorded. For these spectral acquisitions, the samples containing protein and Mn(II) were thawed and either NaCl or CaCl 2 was added to the indicated concentration from a concentrated stock solution (typically >10% dilution of the original sample). The sample was allowed to incubate for a minimum of fifteen minutes at room temperature before being frozen in liquid nitrogen.
Low-temperature Mn(II)-binding EPR titrations were performed in the absence and presence of Ca(II). For the titrations conducted in the absence of Ca(II), the CP-Ser concentration was 100 μM and 0-1.1 equivalents of Mn(II) were added. For the titrations in the presence of Ca(II), CP-Ser (~100 μM) was incubated with 1 mM of CaCl 2 for fifteen minutes or more prior to titrating the sample with Mn(II). The resulting spectra were analyzed for the formation and growth of distinct Mn(II)-bound signals with respect to the concentration of Mn(II) added. For this analysis, the intensity of the highest field hyperfine resonance, defined as the change in y-axis from the positive feature at g = 1.88 to the negative feature at g = 1.873, was determined for each titration point. The intensity of this feature was correlated to concentration of CP-bound Mn(II) by defining the intensity from a sample of CP-Ser with 0.1 equivalent of Mn(II) in the presence of Ca(II) as being equal to the concentration of metal ion added (~10 μM, assuming that all added metal becomes bound metal under these conditions). The concentration of CP-bound Mn(II) for all titrations was determining using this ratio. Each titration was repeated twice and the Mn(II) dissociation constants were determined from a global fit of the combined data.
Mn(II) Competition Experiments with ZP1
For competition experiments between CP (αβ) and ZP1, a 2-mL solution of ZP1 (1-4 μM) was prepared in a quartz cuvette (75 mM HEPES, 100 mM NaCl, pH 7.5). The optical absorption and fluorescence spectra of ZP1 were recorded. An aliquot of CP was introduced to the cuvette to afford the desired protein concentration (1-4 μM) and the optical and fluorescence spectra were recorded again. If metal ion contamination was detected, indicated by a change in ZP1 emission relative to the no protein spectrum, the solution was discarded. For manganese competition experiments, aliquots of aqueous Mn(II) from a freshlyprepared 0.5 or 1 mM working solution were added to the ZP1/CP mixture. Following each Mn(II) addition, the solution was incubated in the dark for ten minutes at room temperature, and the optical absorption and emission spectra were subsequently recorded. This procedure was employed for Mn(II) competitions performed in the presence of varying concentrations of Ca(II) except that the protein was pre-incubated with Ca(II) at the indicated concentration. The same procedure was also utilized for experiments where Ca(II) was added to mixtures containing CP-Ser/ZP1/Mn(II) except that the sample was incubated for fifteen minutes at room temperature after each Ca(II) addition. The emission spectra were recorded from 500 to 650 nm (λ ex = 490 nm, 0.4 mm excitation and emission slit widths) and integrated over this range by using the FelixGX software package.
Mn(II) and Zn(II) Selectivity Experiments with ZP1
A 1:1 mixture of 4 μM ZP1 and CP-Ser was prepared at pH 7.5 (75 mM HEPES, 100 mM NaCl) and the optical absorption and emission spectra recorded as described above. Aliquots of Mn(II), Zn(II) or a mixed metal solution containing a 1:1 ratio of Mn(II) and Zn(II) were added and ZP1 emission was monitored periodically over the course of several hours.
Results and Discussion
Analytical SEC Reveals that the His 4 Site Formed at the CP (αβ) Dimer Interface is Required for Mn(II) Coordination
Analytical SEC was performed to determine whether the presence of Mn(II) causes a shift in the elution volume of apo CP, and ascertain whether the protein retained Mn(II) after chromatography. In the absence of divalent cations, analytical SEC of wild-type and mutant CP provided retention volumes of approximately 10.8 mL, which correspond to a molecular weight of 38 kDa. This retention volume was previously assigned to the αβ heterodimer (24 kDa). 48 A retention volume of approximately 10.2 mL was observed for the wild-type and mutant α 2 β 2 heterotetramers, which form in the presence of excess Ca(II). This retention volume is in good agreement with the heterotetramer molecular weight of 48 kDa. The retention volumes of CP-Ser and the metal-binding site mutants pre-incubated with ten equivalents of Mn(II) were compared to the CP-Ser αβ and α 2 β 2 standards (Figure 2 ). Both CP and CP-Ser exhibited a new, Mn(II)-dependent peak with an intermediate retention time of approximately 10.3 mL. A Mn(II)-dependent peak with the same retention time was also observed for ΔHis 3 Asp, but not for ΔHis 4 or ΔΔ. No shift in the peak corresponding to the αβ heterodimer was observed for the latter two mutants as a result of incubation with Mn(II). These comparisons demonstrate that formation of the new 10.3-mL peak requires an intact His 4 site.
Mn(II) analysis of the protein-containing fractions by atomic absorption spectroscopy revealed that Mn(II) was retained only in the CP, CP-Ser, and ΔHis 3 Asp samples (Table 1) . The Mn(II):CP (αβ) ratios for CP, CP-Ser, and ΔHis 3 Asp spanned the 0.4-0.7 range. In contrast, only negligible (<0.01 equivalents per CP heterodimer) Mn(II) was detected in the protein-containing fractions obtained for ΔHis 4 and ΔΔ, indicating that these mutants did not retain bound Mn(II) following SEC. Taken together, these experiments suggest that the His 4 site of CP coordinates Mn(II) and with sufficient affinity that a portion of the metal ion remains bound over the course of the SEC run. Moreover, the Mn(II)-induced shift in elution volume observed in the chromatographs for CP, CP-Ser and ΔHis 3 Asp indicate that Mn(II) coordination to the His 4 site results in a conformational change.
The CD spectra of CP-Ser (±Ca) in the absence and presence of ten equivalents of Mn(II) were indistinguishable and exhibit minima at 222 and 208 nm, confirming marked α-helical content of the Mn(II)-bound form ( Figure S2 ). This behavior is in agreement with the CD spectra observed following addition of Co(II) or Zn(II) to CP-Ser. 48 Chelation of first-row transition metal ions at the interfacial binding sites has negligible impact on overall secondary structure. We therefore conclude that the conformational change suggested by the SEC experiments does not involve a global perturbation to the α-helical structure of CP-Ser.
To address whether mutations at site 1 or 2 impacts the thermal stability of the protein fold, we determined the T m values of ΔHis 3 Asp, and ΔHis 4 in the presence and absence of 2 mM Ca(II). We previously reported that CP-Ser has a T m of approximately 59 °C and that Ca(II) binding causes a shift in the T m to approximately 79 °C. 48 In contrast, protein-bound Mn(II) is EPR silent at room temperature because the zero-field splittings broaden the signal beyond detection. [52] [53] [54] To determine whether CP-Ser or the metal-binding site mutants coordinate Mn(II), each protein (~100 μM, αβ) was titrated with up to four equivalents of Mn(II). All Mn(II) EPR spectra recorded throughout each titration exhibited a six-line hyperfine pattern with a splitting of a = 8.9 mT centered at g = 2.
Throughout each titration, the spectra varied only in terms of intensity. The amount of free Mn(II) in each sample was quantified by comparison to a spectrum of a Mn(II) standard recorded under identical conditions as described in the Experimental Section. Plots of [Mn(II) free ]/CP versus [Mn(II) total ]/CP revealed that attenuation of the free Mn(II) signal was observed for CP-Ser and ΔHis 3 Asp (Figure 3) . In both cases, the concentration of free Mn(II) was less than the concentration of total Mn(II) added, supporting formation of protein-bound Mn(II) species. In contrast, linear relationships with slopes of approximately one were observed for ΔHis 4 or ΔΔ (Figure 3, Table S3 ), which demonstrated that these mutants do not coordinate Mn(II) under the experimental conditions. Moreover, only negligible attenuation of the free Mn(II) signal was observed for the double mutant (H27A) (H91A) and for the single point mutants H17A, H27A, H91A, and H95A ( Figure S4 ). In these cases, plots of [Mn(II) free ]/CP versus [Mn(II) total ]/CP provided nearly linear relationships. With the exception of the H17A titrations, which afforded slopes ≥1, linear fits of the single-mutant data afforded slopes ranging from 0.74-0.92 (Table S3 ). The slopes in this range suggest that the single mutants exhibit lower binding affinity for Mn(II) as compared to CP-Ser and ΔHis 3 Asp, and greater Mn(II) affinity than ΔHis 4 and ΔΔ. Because mutation of any one of the four histidine residues significantly perturbs Mn(II) binding, the data indicate that all four histidine residues of site 2 contribute to Mn(II) coordination.
To further evaluate the requirement of the His 4 motif comprising the manganese-binding site, a H27D mutant was prepared by site-directed mutagenesis, overexpressed, and purified. We selected H27D because amino acid sequence alignments demonstrate that other S100 proteins, including S100A7, S100A9 and S100A12, house aspartate residues in this position. Room-temperature titration of the H27D mutant provided a similar relationship between free and total Mn(II) as H27A and the other single point mutants ( Figure S4 , Table S3 ). This result demonstrates that the Mn(II) coordination is attenuated as a result of replacing His27 with an aspartate residue. Figure 4 displays the binding curves and fits obtained from Mn(II)-binding titrations monitored by room-temperature EPR spectroscopy. In the absence of Ca(II), a K d1 value of 4.9 ±1.0 μM was obtained and assigned to the His 4 site. Fitting of this titration curve required the incorporation of two low-affinity Mn(II) binding events, which were fixed at K d values of 1 mM. We contend that these millimolar-affinity binding events are not of physiological relevance and may originate from weak Mn(II) association with the EF-hand domains, which has been observed in other systems, 55, 56 or other acidic residues.
The Mn(II) Affinity of the His 4 Site is Calcium-Dependent
In prior work, we discovered that the Zn(II) affinity of CP is calcium-dependent. 48 We therefore sought to examine the effect of calcium on Mn(II) binding by CP, and roomtemperature EPR titrations were performed in the presence of Ca(II). These titrations revealed almost no detectable growth of free Mn(II) until greater than one equivalent of Mn(II) was added to CP-Ser (data not shown). Fits to the resulting binding curves afforded a lower K d1 value of 194 ± 203 nM ( Figure 4 ). Based on the SEC and RT-EPR experiments, we assign this value to the His 4 site. One additional binding event was required to fit this data set, which was allowed to float and provided a K d2 value of 21 ± 5 μM. We tentatively assign the K d2 value to weak Mn(II) coordination at the His 3 Asp site, and further spectroscopic studies are required to rigorously evaluate this possibility. This analysis indicates that the calcium-bound from of CP exhibits higher Mn(II) affinity at the His 4 site (and possibility at the His 3 Asp site) than the αβ heterodimer.
Robust room-temperature EPR analyses require an adequate free Mn(II) signal for quantification. High-affinity Mn(II) binding sites provide relatively low concentrations of observable free Mn(II) at substoichiometric equivalents of the metal ion, which complicates K d analysis. Because tight Mn(II) binding was observed for CP-Ser by RT-EPR when Ca(II) was added to the buffer, we verified the calcium-dependence and Mn(II) K d values through a series of Mn(II) competition assays. We previously employed small-molecule Zn(II) sensors in competition assays to delineate the Zn(II)-binding properties of CP-Ser. 48 We sought to apply this technique to Mn(II). Most commercially available small molecules that provide an optical response to Mn(II) utilize oxygen-rich chelating moieties and are calcium-sensitive (e.g. MagFura-2, Fura-2). We therefore selected ZP1, a Ca(II)-insensitive turn-on fluorescent Zn(II) sensor with relatively high background fluorescence (Φ free = 0.38 at pH 7.0), 49 for Mn(II) competition assays. Paramagnetic first-row transition metal ions quench the background fluorescence of apo ZP1, and this fluorescence turn-off may be employed to monitor the paramagnetic metal ion of interest. Prior investigations reported that ZP1 gives ca. 8-fold fluorescence turn-off in the presence of excess Mn(II), and forms 1:1 and 2:1 Mn(II):ZP1 complexes with K d1 = 550 nM and K d2 = 2.2 μM (50 mM PIPES, 100 mM KCl, pH 7.0). 57 Titration of a 1:1 mixture of CP-Ser (αβ) and ZP1 with Mn(II) resulted in a titration curve comparable to that of the ZP1-only control ( Figure 5 ), which demonstrated that the CP-Ser heterodimer cannot compete with ZP1 for Mn(II) under these conditions. This result suggested that the K d value of CP-Ser for Mn(II) is > 550 nM, in agreement with the values determined by room-temperature EPR. As expected, ZP1 also outcompeted ΔHis 3 Asp and ΔHis 4 for Mn(II). In contrast, titration of a 1:1 mixture of CP-Ser or ΔHis 3 Asp and ZP1 with Mn(II) in the presence of fifty-fold excess Ca(II) resulted in marked attenuation of the ZP1 response ( Figure 5 ). Quenching of ZP1 emission was only observed after approximately one equivalent of Mn(II) per CP heterodimer was introduced into the cuvette, revealing that ZP1 cannot compete with the calcium-bound α 2 β 2 form of CP-Ser or ΔHis 3 Asp for Mn(II).
Calcium addition had no effect on the ΔHis 4 titration curve. Taken together, these data provide convincing evidence that the Mn(II) affinity of the His 4 site is calcium dependent. Calcium binding to the EF-hand domains of CP triggers enhanced Mn(II)-binding affinity as previously observed for Zn(II) chelation. The ZP1 data obtained in both the absence and presence of Ca(II) confirm the results obtained from RT-EPR titrations and support a Mn(II) K d value for the His 4 site that switches from > 550 nM to < 550 nM with calcium binding to the EF-hand domains. These experiments also demonstrate that Mn(II) does not coordinate to the EF-hand domains of CP with an appreciable affinity.
To evaluate how many equivalents of Ca(II) are required for CP-Ser to fully sequester Mn(II) from Mn:ZP1, mixtures containing a 4:4:1 ratio of CP-Ser, Mn(II), and ZP1 were titrated with Ca(II) ( Figure 5B ). Maximum ZP1 fluorescence enhancement, indicating full dissociation of Mn(II) from ZP1, was observed following addition of approximately twenty equivalents of Ca(II) to the mixture.
To further evaluate the consequence of mutating a single His residue of the His 4 site on Mn(II) coordination, ZP1 competition assays with the single point mutants CP-Ser H17A, H27A, H91A, H95A, and H27D using a 1:1 ZP1/CP mixture were performed ( Figure S5 ). Variable degrees of competition between ZP1 and the mutant proteins were observed when 500 μM Ca(II) was added to the buffer. Some competition between each mutant and ZP1 was observed; however, no single mutant outcompeted ZP1 for Mn(II) as was observed for CP-Ser and ΔHis 3 Asp in the presence of Ca(II). A comparison of the titration curves indicated that H91A and H95A provided more competition with ZP1 for Mn(II) than did H17A and H27A. The H27D mutant exhibited similar behavior to the former two proteins. The single mutants retain the ability to coordinate Mn(II) at the mutated His 4 site when Ca(II) is present, but do so with lower affinity than CP-Ser. The double mutant (H27A) (H91A) did not compete with ZP1 for Mn(II).
Low-Temperature Mn(II) EPR Spectroscopy of the His 4 Site Supports Octahedral Coordination
With the analytical SEC, room-temperature EPR, and ZP1 competition assays all demonstrating that the unusual interfacial His 4 site of CP is the Mn(II) binding site, we sought to identify low-temperature EPR spectroscopic signals for the Mn(II):CP complex and thereby ascertain further details about the Mn(II) coordination sphere (i.e. coordination number, geometry). Samples containing approximately 100 μM CP-Ser or mutant were incubated with 0.3 equiv of Mn(II) for fifteen minutes and flash frozen in liquid N 2 prior to the low-temperature EPR spectroscopic analysis ( Figure 6 ). All spectra are dominated by a six-line pattern with a = 8.9 mT centered at g = 2, as expected for 55 Mn(II) systems (vide supra), and all observed resonances displayed Curie Law-dependence (intensity ~ 1/T). No significant signal intensity away from g = 2, which has been observed for some Mn(II)-containing proteins (e.g. Mn-HPCD, 58 MnSOD, 59 FosA 60 ), was observed for any of the samples. The intensities and spectral line widths of the six allowed transitions for CP-Ser and ΔHis 3 Asp were indistinguishable. In contrast, the spectra for the ΔHis 4 and ΔΔ samples exhibited significantly broader line widths and decreased signal intensities. These spectra closely resembled the spectrum obtained for Mn(II) in buffer (not shown). The sharper, more intense lines observed upon Mn(II) addition to CP-Ser and ΔHis 3 Asp may be explained by a more defined ligand field about the Mn(II) center upon coordination to the His 4 site. Similar sharpening of the allowed transitions was observed previously for Mn(II) complexation to the hammerhead ribozyme. 61 Moreover, a slight shift in the position of the allowed transitions is apparent for CP-Ser and ΔHis 3 Asp relative to ΔHis 4 and ΔΔ. This phenomenon is most apparent in the first allowed transition, which is shifted by approximately 1.5 mT, and is not the result of instrumental artifacts (vide infra). Indeed, the first allowed transition of the CP-Ser sample exhibits a slight shoulder at g = 2.17, which corresponds to the positions of the first allowed transitions in ΔHis 4 and ΔΔ.
Significant substructure, manifest as sets of doublets between each set of allowed transitions, is apparent in all spectra ( Figure 6, Figure S6 ). These inter-doublets arise from formally forbidden transitions (Δm s ± 1, Δm I ± 1) that become "semi-forbidden." 50 The semi-forbidden transitions observed for CP-Ser and ΔHis 3 Asp are markedly similar and are unique from those observed for ΔHis 4 , ΔΔ, and Mn(II) in buffer. These differences are most apparent in the forbidden transitions F 5 (1) and F 5 (2) located between the fifth and six allowed transitions. Any single His→Ala mutation in the His 4 site, in addition to the H27D mutation, resulted in a loss of these features (Figures 6 and S7) . Moreover, these features were retained under conditions of high salt (Figures 6 and S6) , and became more clearly resolved when CP-Ser was pre-incubated with excess Ca(II). Figure S8 ). Curie Law-dependence was observed throughout the titration, which indicated that the decrease in signal intensity was not from formation of coupled Mn(II). This phenomenon may be explained by the increased metal ion concentration populating an additional and less intense species at higher Mn(II) equivalents. Guided by the ZP1 competition experiments and roomtemperature EPR titrations (vide supra), we interpret the additional and less intense species as free or weakly associated Mn(II). In contrast, the Mn(II)-binding titration performed in the presence of Ca(II) results in population of a single, intense species from 0.1 to ~1 equivalent of Mn(II). The corresponding spectra overlay well with one another when scaled for the concentration of added metal ( Figure S8 ), and no progressive line broadening was observed in this titration. The growth in intensity of the highest field resonance used to scale for the concentration of bound metal (see Experimental Section) saturated after one equivalent of added Mn(II), which supported a single tight binding site (Figure 7 62 and Mn(bipy)(H 2 O)(TBD)] (bipy = 2,2′-bipyridine; heptacoordinate N 2 O 5 ), 63 in addition to Mn(II) in a single crystalline environment. 64 The signals are also similar to those observed for the Mn(II)-bound hammerhead ribozyme (octahedral N 1 O 5 coordination). 61 Simulation of the X-band EPR spectrum of 110 μM CP-Ser with 60 μM Mn(II) and 1 mM Ca(II) afforded D = 270 MHz and E = 81 MHz ( Figure 7 , Table 2 ). This simulation is quantitative for the amount of Mn(II) added. Variations in the zero-field splittings of Mn(II) may be associated with different coordination environments; however, in some instances these associations are not robust, 65, 66 and qualitative statements about Mn(II) coordination geometry based on Mn(II) zerofield changes are complicated by the complex interactions, which are not fully understood. [66] [67] [68] [69] A tetragonal or trigonal distortion from cubic symmetry introduces a non-zero value for D whereas rhombic distortion increases E. The simulated zero-field splitting parameter values (Table 2) indicate that CP-Ser coordinates Mn(II) in a nearly idealized, slightly rhombically-distorted octahedral coordination sphere. The small zero-field splitting parameter D suggests a six coordinate rather than five coordinate environment around the Mn(II) center. Five-coordinate Mn(II) complexes typically display significantly higher D (e. g. D ~ 9000 MHz for five-coordinate and ~1500 MHz for sixcoordinate). The origin of the very low zero-field splitting values obtained from the simulation of Mn(II):CP-Ser is currently unclear. Guided by the experiments conducted with the site 2 mutants, we propose that the Mn(II) coordination sphere consists of the four histidine residues of the His 4 site (H17 and H27 of A8; H91 and H95 of A9) and two additional ligands. These unidentified ligands may be water molecules, buffer components, or derived from protein sidechains.
CP Prefers to Coordinate Zn(II) at the His 4 Site
In prior work, we rigorously established that CP utilizes both the His 3 Asp and His 4 sites to coordinate Zn(II) with high affinity. 70 We next evaluated the metal-ion selectivity of CP-Ser by using ZP1 as a reporter of free metal ( Figure 9 ). The strategy was to add a total of three equivalents of metal to a CP-Ser/ ZP1 mixture and monitor the fluorescence response of ZP1, which affords fluorescence turnon when complexed with to Zn(II) and turn-off emission when coordinated to Mn(II), to determine the identity of the unbound metal ion (Figure 9 ). Addition of a mixture containing 1.5 equivalents of Mn(II) and 1.5 equivalents of Zn(II) to CP-Ser/ZP1 resulted in an immediate and slight enhancement of ZP1 emission, indicative of Zn(II) binding to ZP1. Over 100 min, however, the emission from ZP1 was reduced to below that of the apo probe attributed to Mn(II) complexation to ZP1. These data demonstrate that, after sufficient equilibration, CP-Ser sequesters all 1.5 equivalents of Zn(II), leaving only Mn(II) available to modulate the ZP1 response. Moreover, the results suggest that CP has the capacity coordinate both Zn(II) and Mn(I I) simultaneously.
CP Forms Mixed Zn(II):Mn(II) Complexes
We next aimed to delineate whether CP forms mixed Mn/Zn complexes. Based on the specificity of Mn(II) binding to the His 4 site, we reasoned that formation of a complex where one Mn(II) ion is housed in the His 4 site and one Zn(II) ion is bound to the His 3 Asp site can exist. Again, we took advantage of the turn-on and turn-off responses of ZP1 for Zn(II) and Mn(II), respectively, to probe this notion. Addition of one equivalent of Zn(II) and one equivalent of Mn(II) to a mixture of CP-Ser (α 2 β 2 ) and ZP1 resulted in negligible change in ZP1 emission ( Figure 9 ). In contrast, the no CP-Ser control provided ~3-fold fluorescence enhancement following Zn(II) addition and a ~4-fold fluorescence decrease following Mn(II) addition. The lack of ZP1 response to Mn(II) or Zn(II) in the presence of CP-Ser provides convincing evidence for formation of Zn:Mn:CP-Ser where Zn(II) is housed in the His 3 Asp and Mn(II) is bound in the His 4 site.
Summary and Perspectives
Many investigations addressing calprotectin in infectious disease and other human pathologies have highlighted its metal-chelating ability. 8, 31, 39, 41, [71] [72] [73] Nevertheless, the coordination chemistry of calprotectin, in addition to the molecular mechanisms by which calprotectin contributes to the homeostasis of transition metal ions, are largely unexplored. We have therefore initiated a research program designed to evaluate CP from the bioinorganic perspective. This work, motivated by the recently identified role of CP in the homeostasis of manganese, 31, 41 addresses the question of how CP coordinates Mn(II) and relates this propensity to its function in the host/pathogen interaction.
In particular, thermodynamic and spectroscopic methods allow us to establish that the unusual His 4 site of human CP is essential for high-affinity Mn(II) coordination. Moreover, the techniques employed allow us to demonstrate that the Mn(II) affinity of the His 4 site is calcium-dependent. This phenomenon is in agreement with recent studies of Zn(II) sequestration by CP. 48 Here we reported that calcium coordination lowers the Mn(II) dissociation constant of the His 4 site from the micromolar to the nanomolar range. The dissociation constants determined by room-temperature EPR and supported by the ZP1 competition and low-temperature EPR (vide infra) experiments may be compared to those reported and ascertained from a recent ITC analysis (K d1 = 1.3 nM; K d2 = 3.7 μM). 41 μM, respectively. 79 Moreover, the Mn(II) affinity of calcium-bound CP is within the range of Mn(II) affinities determined for metal ion transporter proteins expressed by human pathogens that include PsaA of Streptococcus pneumoniae (K d = 3.3 nM) 25 TroA of Treponema palladium (K d = 7.1 nM) 80 and YfeA of Yersinia pestis (K d = 17.8 nM). 81 The calcium-dependent Mn(II) affinity of CP has important physiological ramifications. Extracellular Ca(II) concentrations are several orders of magnitude greater than those in the intracellular space. We recently proposed that CP morphs into a potent Zn(II) chelator in the extracellular space as a result of calcium binding. 48 The studies presented in this work demonstrate that this calcium-triggered enhancement of binding affinity applies to Mn(II) sequestration. The nanomolar Mn(II) affinity of the His 4 site achieved in the presence of Ca(II) suggests that CP can compete with bacterial metal ion transporters for Mn(II), in agreement with the working model of CP-mediated host defense by transition metal deprivation. Indeed, reduction of MnSOD activity was observed following treatment of S. aureus with CP in vitro and attributed to extracellular Mn(II) sequestration. 41 This working model is further supported by the high concentrations of CP at sites of infection, are reported to reach >500 μg/mL (ca. 20 μM). 32 It is noteworthy that the His 4 site of CP is unusual amongst S100 family members. 45, 82 To the best of our knowledge, CP the only S100 protein thus far reported to coordinate Mn(II). Moreover, characterized metalloproteins employing His 4 motifs for coordinating transition metal ions are rare. Two structurally-characterized proteins that each exhibit mononuclear Mn(II) coordinated by a His 4 motif are the photochemical reaction center from Rhodobacter spaeroides (PDB: 1YST) 83 and a cupin from Thermotoga martima (PDB: 1VJ2) 84 Both of these proteins exhibit six-coordinate Mn(II) where the coordination sphere is completed by two oxygen donor atoms from either a bidentate carboxylate sidechain or water molecules. The low-temperature EPR spectroscopic investigations described in this work support an octahedral coordination geometry for Mn(II) bound to the His 4 site. This coordination number agrees with expectations based on chemical intuition. Moreover, recent studies of the Co(II)-bound CP suggested an octahedral geometry for Co(II) complex to the His 4 site. 48 At present, the identities of the additional ligands that complete the Mn(II) coordination sphere and the structural basis for the Ca(II)-triggered enhancement of Mn(II) affinity are unknown. Potential candidates for the unidentified ligands include water molecules and metal-chelating residues in the vicinity of the His 4 site such as those found in the C-terminal tail of A9 ( Figure 1B) . Identification of the ligands completing the Mn(II) coordination sphere, in addition to the precise coordination geometry and further details of electronic structure, will require advanced EPR spectroscopic (e.g. ESEEM) and structural initiatives. Such investigations will also address additional unresolved and fascinating issues, which include understanding the molecular basis for why CP utilizes the His 4 site instead of the His 3 Asp site for Mn(II) coordination, the details of the conformational change that occurs upon Mn(II) binding to the heterodimer, and the origins of the calcium-dependent Mn(II) affinity of the His 4 site. We previously suggested that Ca(II) coordination by the EF-hand domains organizes the M(II) coordination spheres by causing conformational changes in the Ca(II) binding loops, because A8(H27) and A9(D30) are components of these loops. Calcium coordination also causes CP to oligomerize from a heterodimeric to heterotetrameric, and whether the heterotetrameric form is ultimately responsible for the enhanced Mn(II) affinity is currently unclear.
Investigations of S. aureus infection that employed a murine model provided the first in vivo evidence for a role of CP in Mn(II) homeostasis. The amino acid sequence alignment of S100A8 and S100A9 from human and mouse reveals that the metal-binding residues comprising sites 1 and 2 are conserved in both species ( Figure 1B) . Little is known about the structure and metal-binding properties of murine CP. 85 It will be important to evaluate whether mouse CP exclusively utilizes a His 4 site for high-affinity Mn(II) coordination or employs other tactics for sequestering this metal ion.
CP coordinates both Zn(II) and Mn(II) with high affinity. As a result, the question of the relevant metal ion arises. This issue is very complex and requires further investigation; however, we contend that the relevant metal ion is context specific. Metal ion availability and relative concentrations at the site of infection, and possibly in other biological circumstances, will likely dictate whether CP sequester Zn(II), Mn(II), or both. A similar concept of metal ion availability dictating protein (mis)metalation states is an emerging theme in metal ion homeostasis. 74, 86 The currently accepted model for CP-mediated growth inhibition focuses on metal-ion capture in the extracellular space. This work provides molecular-level insight into how CP coordinates Mn(II) and provides a basis for further chemical and biological investigations of the manganese-containing protein. The fate of metal-bound CP, and whether these forms Structure and amino acid sequences of calprotectin. (A) Depiction a heterodimer unit of human CP (PDB: 1XK4). This heterodimer is taken from the crystal structure of the Ca(II)-bound heterotetramer to illustrate the metal-binding sites. No structure of the Ca(II)-free heterodimer is available. S100A8 is colored green, S100A9 is colored blue, and the Ca(II) ions are indicated by yellow spheres. The His 3 Asp (site 1) and His 4 (site 2) metal-binding motifs form at the heterodimer interface. (B) Amino acid sequence alignment for S100A8 and S100A9 from human (indicated by "h") and mouse (indicated by "m"). The color-coded secondary structure diagrams correspond to the human subunits. The residues of the metalbinding motifs are colored orange. The two Cys residues that were mutated to Ser for metalbinding studies are highlighted in red. The C-terminal extensions of human and mouse A9 are underlined. The numbers indicate amino acid number. (black squares), and 165 μM ΔΔ (black diamonds) at pH 7.5 (75 mM HEPES, 100 mM NaCl). The data from room-temperature EPR titrations of the single-and double-point mutants are provided in Figure S4 and Table S3 . Time course for the displacement of Mn(II) from the His 4 site by Zn(II) addition at pH 7.5 (75 mM HEPES, 100 mM NaCl) monitored by low-temperature EPR spectroscopy. (A) 120 μM CP-Ser ΔHis 3 Asp upon addition of 0.33 equiv of Mn(II). (B) one equiv of Zn(II) was added to A and the sample was frozen right away. This sample was then thawed and allowed to incubate at room temperature for an additional 30 min (C) and 60 min(D). All spectra are scaled for the concentration of added Mn(II). Instrument conditions: temperature, 20 K; microwaves, 0.2 mW at 9.38 GHz; modulation amplitude, 0.5 mT. 
